The kinetic study of a process is usually performed by measuring a convenient intensive property, P, as a function of time. The "affinity rule" states that, when a given process takes place under different external constraints (e.g., different temperatures, pressures, pH values, etc.), the various P versus time curves are related by an affinity transformation parallel to the time axis: in other words, the P versus log time curves are parallel and can be superimposed by translation. The validity of the rule has been extensively tested in chemical and physicochemical processes, but there is no evidence as yet that it extends to biological systems. The present paper shows that the rule is indeed valid for the kinetics of growth of an Escherichia coli culture at various temperatures and pH values. More extended experiments are necessary to prove or disprove the general validity of the rule in biological systems, but its practical interest is evident: whenever it is valid it will be possible, from a very small number of measurements, to predict the complete behavior of the system in a number of various external conditions.
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The kinetic study of a chemical, biochemical, or biological process is usually performed by measuring, as a function of time, a convenient intensive property, P, of the system under investigation; a curve showing the change of the property with time is obtained.
When a given process takes place under different external constraints (e.g., different temperatures, pressures, pH values, etc.) different P versus time curves are found, and there is no general theoretical way of predicting how these various curves are related. A general empirical rule, however, was suggested by Pacault (6, 7) a few years ago and was tested in a number of instances by Pacault and co-workers (1, 2, 4, 5, (8) (9) (10) (11) 
MATERIALS AND METHODS
We have undertaken to examine the validity of this rule in the growth process of Escherichia coli K-12 in a tryptone broth (Difco). We used the laser biophotometer, described in a previous paper (3), by which a number of bacterial cultures are simultaneously studied during their development.
The E. coli were cultivated aerobically in a broth containing tryptone (Difco) (25 g/liter), NaCl (5 g/ liter), and glucose (3 g/liter). The pH adjustments were made by adding a few drops of concentrated NaOH to at least 200 ml of medium. A sufficient quantity of medium was prepared and sterilized in advance for the complete series of experiments at various temperatures. Another quantity was prepared and used for the experiments at various pH values; but the sterilization conditions were not exactly the same as in the previous series. The same slight difference occurred with the third series of experiments (simultaneous variations of temperature and pH), which also made use of a different batch of tryptone.
Let J be the intensity of the incident laser beam and I the intensity of the light transmitted through the culture cell; T = IIJ is the transmittance of the cell. When the cell contains only the sterile broth, the transmittance is To. The kinetics was investigated by measuring, as a function of time, the ratio TITO (property P), which is a function of the bacterial concentration.
The system under study consisted of the bacteria and the tryptone broth. Its state was characterized by the value of the property P (i.e., T/TO). The absorbance log (TJT) would actually be a better growth indicator than TITO. However, at very small values of T, the very large absorbance values are determined with very poor precision and TITO is more convenient to test the validity of the affinity rule. To obey the affinity rule requirements, the state of the system had to be the same not only at the end of all the experiments (where T/To was always zero) but also at the beginning; this was achieved by choosing an initial state where TITO was 99%, and it corresponds to a bacterial concentration of 1.7 x 106/ml.
From the transmittance ratio T/To the optical density and the bacterial concentration (N) may be determined (3) . It is well known that the beginning of the bacterial concentration versus the time curve is an exponential of the form N = No 10"', and the "initial growth rate constant" ca can be determined by plotting log N as a function of time. Backwards extrapolation of this exponential part of the curve can be used to determine accurately the "initial time" where TITo = 99%. This initial time is obtained with a precision of + 1 min.
The temperature 6 and the pH were chosen as external constraints pi. RESULTS Effects of temperature. In the first series of experiments, the external constraint temperature was allowed to change from one experiment to the other (all the other factors remaining the same). The range 20 to 44 C was investigated. The initial pH value was 7 and it remained in the optimum range (see Fig. 5) except at the very end of the experiments.
(Theoretically the pH value should have been kept constant at 7 during the whole experiment to satisfy the affinity rule requirements. However, since the variation of pH was the same at all temperatures, and since it occurred only at the very end of the experiments [see curve at pH = 7, Fig. 7 ], it did not prevent a satisfactory testing of the affinity rule.)
Our biophotometer results allow better than 5% precision in the determination of the initial growth rate constant a. Figure 1 shows the variation of a(6) with temperature 6-, the values of a are listed in Table 1 . Figure 2 shows some examples of the variation of T/To with time at various temperatures. Figure 3 presents the corresponding T/To versus log t curves. These are clearly parallel and may be superimposed to the 60 = 37 C curve by horizontal translations; Fig. 4 shows the single T/To versus log t curve so obtained.
All the experimental curves obtained at various temperatures between 20 and 44 C can be superimposed in the same manner on the "mas- ter curve" (i.e., the curve at 37 C). P0o(log t) = PH (log t + log k,) or P0(t) = P(k0t) where k, is independent of time and depends only upon 0 and 00, as predicted by the affinity rule.
Since the whole bacterial growth curve obeys the affinity rule, the rule applies a fortiori to its exponential part; then it is to be expected that k, = a(0O)/a(0). Table 1 shows that it is so.
Effects of pH. There is a difficulty with pH, as an extemal constraint, since it is not completely under the experimenter's control; it tends to decrease with the growth of the bacterial culture. Figure 5 shows Fig. 6 ).
tryptone broth. The pH changes can be minimized, of course, by using a buffer, but it also gave us an opportunity to check the nonvalidity of the affinity rule when an external constraint is not kept constant during the whole experiment.
It can be seen in Fig. 5 that bacterial growth occurs first at constant pH and that the pH starts decreasing only after a period on the order of 200 min. The validity of the affinity rule cannot be expected to last longer than this period: 220 min when the initial pH value is 8.7 and 270 min when it is 5.25.
At pH 7 the pH decrease starts earlier (140 min), but the pH value remains in the optimum range for a longer time. Figure 6 shows a as a function of pH at 37 C between pH 5 and 9.35, and the optimum range (where a is maximum and its variation does not exceed 7%) extends from 6.2 to 7.4. In this interval the influence of the pH decrease on the bacterial growth is negligible, and the validity of the affinity rule may be tested up to 220 min. Table 2 lists the values of a(pH) determined at 37 C for pH values in the range 4.95 to 9.1. The broth being slightly different from the one used previously, the a values at 37 C and pH 7 in Tables 1 and 2 are also slightly different. Figure 7 shows examples of the TITo versus log t curves at different pH values. The first part of each curve is at constant pH; the end is at decreasing pH. Figure 8 shows the superimposition of the pH 5.25 curve (with translation log kpH = 0.1 or kpH = 1.26) to the pH 7 curve ("master curve"): this superimposition is quite satisfactory because the pH values start decreasing only in the uppermost parts of the curves. On the contrary, the superimposition of the pH 8.7 curve (Fig. 9) Table 3 lists the a values for each experiment; the tryptone broth was slightly different from those used in the previous experiments, so that the a value at 37 C and pH 7 in Table 3 is slightly different from the values in Tables 1  and 2 . Figure 10 shows the TITo versus log t curves, and Fig. 11 shows the superimposition of all the curves upon the master curve. The corresponding values of the translation log k and the factor k are also listed in Table 3 . Figure 11 shows an excellent superimposition of all the curves, and Table 3 shows a fair agreement between the k values and the values of the a(37 C, pH = 7)/a ratios. Moreover, it can t (min) translation of the pH = 8.7 be seen that the k value for = 30 C and pH = 5.4 is very close to the product k30 c kPH=7-DISCUSSION As mentioned earlier, the precision of the determination of the rate constant a is better than 5%. The values of k are determined by choosing the horizontal translation that gives the best superimposition of the experimental TITo versus log t curves on the master curve (obtained at 37 C and pH 7). This procedure is quite accurate when no superimposition is possible (e.g. the case of noncontrolled pH in the upper part of the curves, Fig. 9 ) and no amount of horizontal translation will give any acceptable fit, but when there is a superimposition it is quite good (as illustrated by Fig. 4, 8, or 11 ) and k is easily obtained with a precision on the order of 3%.
It is then quite clear that all the results of the experiments described in this paper are in agreement with the predictions of the rule of affinity. (i) A change of temperature from 37 C to 6 is equivalent to a multiplication of the unit of time by a constant factor k,. The value of kh is found to be equal to the ratio a(37 C)/ a(0) of the rate constants. (ii) A change of pH from 7 to another value is equivalent to a multiplication of the unit of time by a constant factor kpH, which is found to be equal to the ratio a(7)/a(pH) of the rate constants. (iii) Statements (i) and (ii) are true only if the external constraints pH and 6 are kept constant during each experiment. Whenever this condition was not fulfilled (e.g., for pH), it was found that the affinity rule could be used only if the variations of the constraints remain quite small. (iv) A simultaneous change of pH and temperature is equivalent to a multiplication of the unit of time by a constant factor k = k o kPH, where ke = a(37 C)/a(O) is only a function of 0 and kpH = a(7)/a(pH) is only a function of pH.
However, it must be noted that this last statement is only substantiated by the results of a We may conclude that all the experimental data obtained so far seem to confirm the validity of the rule of affinity in biological systems involving bacterial growth kinetics.
It should be stressed very strongly that our experiments dealt with closed systems, including both the bacterial population and its surrounding medium. We did not investigate the properties of the bacteria alone; the transmittance ratio T/To is, of course, a function of the bacterial concentration, but other factors are involved, which are functions of the surrounding medium (its refractive index, for instance). On the contrary, a study of the bacterial population alone would have been, in terms of thermodynamics, the study of an open system: there is no indication as yet of a possibility of applying the rule of affinity in such a case.
The practical interest of the affinity rule is quite evident. It is possible from a very small number of measurements to predict the complete behavior of a bacterial culture in a number of various external conditions. The initial exponential part of the growth curve is sufficient to determine the rate constant a at any temperature, pH, etc., and it is then sufficient to study a single complete growth curve (the master curve): every other curve can be obtained from it.
One may speculate about the physical significance of the rule. Although it is only empirical and no theoretical foundation has been suggested as yet, there are indications that it applies to systems consisting of strongly interacting species. It has also been found that the rule fails when two different processes take place in succession. The validity of the affinity rule may then be interpreted as proof that in various external conditions (constraints) the same and single mechanism is acting in the system. The rule could even be used as an operational definition of the "mechanism."
It will be most interesting to examine more thoroughly when the rule is valid or invalid in biological systems. The case of interacting microbial 'species, or interacting bacteria and phages, might be ofparticular significance, and we will study this next. 
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